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however, there are many isolated communities with less than 20 households that are still in need of 
electrification. Currently, the sole technology that provides electric power to such communities is diesel 


Available online 31 August 2013 generator, which does only cause environmental problems and human health concerns, but also rank high in 
maintenance and operational costs. Due to the recent increasing attention of Renewable Energy Organization in 
Keywords: Iran (acronymed as SUNA based on its Persian name) to the application of renewable energies, this paper aims 


Photovoltaics (PV) 


; to analyze the techno-economic feasibility of stand-alone hybrid PV-diesel energy systems for electrification of 
Hybrid renewable energy system 


HOMER remote rural areas in eastern part of Iran where 5 kW h/m? solar radiation per day is a common feature. 

Renewable fraction (RF) Through simulations based on HOMER software, this study presents a comprehensive comparative analysis 

Air pollutant emission among potential configurations of a system best suited to meet the needs of isolated Iranian communities. 
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s population (i.e. around two billion people) has no access to 
electric power, potentially leading to recurrent cycles of poverty 
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Fig. 1. DMap of the case study. 


and privation |1]. One of the most promising solutions for 
electrification of such remote regions is installation of hybrid 
renewable energy systems in these areas, where the grid extension 
is costly and the cost of fuel is higher. Reliability improvement, 
cost reduction, efficiency enhancement and reduction of air 
pollutant emission are some of the advantages that can be gained 
by using hybrid renewable systems [2]. 

In Iran, although just 0.11% of produced electric power came 
from renewable energy sources (except hydro) in 2009, renewable 
energy technologies are getting more popular due to recent 
attention to high potentials of renewable energy in the country. 
According to the Fifth Five-Year Economic Development Plan 
(2010-2015) of the government, additional solar and wind gen- 
erations will allow Iran to meet its target of increasing electric 
power generation from these two renewable sources to 5000 MW 
by the end of 2015. Despite the electrification of almost all Iranian 
villages with more than 20 households by 2010, there are 
numerous remote regions, with less than 20 households, that still 
suffer from lack of electric power. While utility extension to most 
of these areas is extremely uneconomic, some of them are blessed 
with abundant renewable sources such as solar energy. A clear 
example of these remote areas is a village named Khavar-E-Bala 
near Serayan town located in Khorasan-E-Jonoobi province of Iran. 
This village which is about 15 km far from the utility grid has no 
access to electric power although it enjoys an annual solar 
radiation of 5.1 kW h/m?°/d. Another remote area located in the 
same region (i.e. near Serayan) is Khoshnari village which is 24 km 
far from the utility power lines. To supply the essential loads of the 
village such as light, TV and fans, 14 units of 1.1 kW photovoltaic 
cells have recently been installed in this village of only 14 house- 
holds. The cost of installation of this PV system was around 
$140,000. Studies show that if the village were electrified by the 
utility grid, the cost of grid extension would be about $500,000 [3]. 
The state-run electricity provider for the region, Khorasan Regio- 
nal Electricity Company (KREC), has recently decided to install a 
110 kW grid-connected photovoltaic array system to provide some 
part of its own electricity demand, 42 kW of which has already 
been operated [4]. 

Thanks to the implementation of the Iranian targeted subsidy 
plan, the use of solar energy is increasingly becoming more 
economically justifiable and, consequently, the investment return 
will improve and it is predicted that the solar power capacity will 
increase significantly in the near future [5]. 

This paper aims to analyze techno-economic feasibility of 
stand-alone hybrid PV-diesel energy system for electrification of 
remote villages. One such remote village, Khavar-E-Bala, located in 
the northeastern part of Iran, is adopted for this case study. In the 
next stage, battery banks will be included in the proposed hybrid 
system (i.e. PV-diesel system) to achieve the efficiency improve- 
ment of renewables as well as cost of energy (COE) reduction. 
In this study, a comprehensive comparative analysis among the 
potential configurations that can meet the needs of isolated 


Iranian communities is presented through simulations based on 
HOMER software [6] which is the most widely used optimization 
software for hybrid systems [7]. This software was used in a 
previous project to find the most economic and climate benign 
renewable hybrid system for electrifying the grid-connected 
village, Sheikh Abolhassan [8]. Another example for application 
of HOMER is [9] in which PV systems in off-grid locations have 
been shown to be economically viable. 


2. HOMER software 


HOMER, the micro-power optimization model, is a software 
package developed by National Renewable Energy Laboratory 
(NREL) in the USA. To assist in the design of both off-grid and 
grid-connected micro-power systems; and it facilitates the com- 
parison of different distributed generation technologies across a 
variety of applications [10]. Using this software, different potential 
design options can be compared based on their technical 
and economic merits [11]. Simulation, optimization, and sensitiv- 
ity analysis are three principal tasks that can be performed by 
HOMER. In the simulation process, HOMER performs energy 
balance calculations between demand and supply for each of the 
8760 h in a year. Then, HOMER determines technical feasibility of a 
configuration and estimates the total cost of installing and 
operating the system over the lifetime of the project. In the 
optimization process, HOMER simulates all possible system con- 
figurations and displays a list of configurations satisfying the 
technical constraints which are sorted by their net present cost 
(NPC). HOMER uses the following equation to calculate the total 
net present cost [12]: 
Cor 


Mics CRF(i, Rp) 


(1) 
where NPC is the total annualized cost ($), i refers to the annual 
real interest rate (%) and Rp stands for the project lifetime in years. 


3. Background information 
3.1. Electric load information 


The case under study here, Khavar-E-Bala, is a remote rural 
area with no access to electricity, a condition that causes serious hard- 
ship to its 14 households to manage their daily affairs. Based on load 
profiles of similar villages in the area, the average annual electricity 
consumption of the village is estimated to be 200 kW h/d with a peak 
demand of 18 kW. 

The DMap (Fig. 1) of the electric demand which is plotted based 
on day-to-day randomness (i.e. variation) of 2% and time-step-to- 
time-step randomness of 2% is used to show the fluctuation of 
electric power consumption in this village. The software is then 
ready to synthesize the load data to supply a unique load pattern 
for each day in a year [11]. As it can be seen from Fig. 1, the 
maximum consumption of electricity in this village on each day 
occurs at evening. Also, as it can be expected, the highest 
demanded loads, up to 18 kW, occur in summer and the lowest 
required electric power occurs in winter. 


3.2. Solar radiation 


Solar irradiation map for southeast countries of Asia, including 
Iran, is shown in Fig. 2. This figure represents the average annual 
energy per square meter that is available from solar source in 
different regions. The regions marked by yellow color in the map 
refer to areas enjoying high potentials of solar energy. As it is 
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clearly observable from the figure, most areas in Iran are in this 
region. So, they are suitable candidates for efficient application of 
solar energy. 

The studied remote area is located at about 34°3’ North latitude 
and 58°30’ East longitude. The required solar data are obtained 
from the NASA surface meteorology and solar energy web site [14]. 
The profile of average annual solar radiation for this village is 
shown in Fig. 3. As is observed from the figure, solar radiation from 
May to August is more than that of other months. The scaled 
average annual of the daily solar radiation of the studied region is 
about 5.1 kW h/m?/d. 

Instead of solar radiation, the clearness index can also be used 
as the input for HOMER |11]. The clearness index is defined as the 
ratio of the solar radiation striking Earth’s surface to the solar 
radiation striking the top of the atmosphere, and varies from 0 to 
1. Fig. 4 depicts the monthly clearness index for the case study 
location. 


Yearly sum of irradiance 


Fig. 2. Solar radiation map (kW h/m7)/13]. 


4. Configurition of the proposed system 


In a typical hybrid PV-diesel energy system, there are four 
main components (i.e. generators, PV modules, batteries and a 
converter) that need to be considered. 


4.1. Diesel generator 


The size of diesel generator, especially when generator and 
loads are connected to the same AC bus, should be accurately 
estimated to meet the peak demand of the electric power [15]. A 
20 kW diesel generator is considered in this study to meet the 
peak demand that is18 kW. The excess 2 kW is considered as the 
spinning reserve that is 10% of annual peak load. It was assumed 
that the installation and replacement cost of the diesel generator 
would be $700/kW and $600/kW, respectively. Also, the operation 
and maintenance (O&M) cost of the generator was assumed to be 
$0.02/h; and its lifetime was considered 15,000 operating hours. 
At present, the diesel price in Iran is about $0.32/L [16]. 
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Fig. 4. Clearness index. 
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Fig. 3. Monthly average solar radiation profile for a year. 
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4.2. PV array 


The PV array is an interconnection of PV modules producing 
direct-current (DC) from solar energy that is considered in this 
study as the base-load power source. Considering the market of 
renewable technologies in Iran, in this case, both installation and 
replacement costs for a 1 kW solar energy system are assumed 
$7000. The costs of operation and maintenance would be negli- 
gible. The life time for this PV array system is estimated to be 25 
years. A de-rating factor of 0.9 is used to account for anything (e.g. 
dust on the panel) deteriorating efficiency of the PV. 

The HOMER software calculates the produced power of the PV 
array using the following equation: 


I 
Pev = fpv Yov 2) 


where, fpv is the PV derating factor, Ypy stands for the rated 
capacity of the PV array (kW), Ir refers to the global solar radia- 
tion (beam plus diffuse) incident on the surface of the PV array 
(kW/m?), and I; is the standard amount of radiation (1 kW/m?). 

Different sizes of PV panels (0, 10, 15, 20, and 30 kW) are 
included in the optimization analysis. 

As the PV array generates electricity only during the day, there 
is no generated electric power from the PV panels at night; so 
the demand at night will be supplied either by battery or the 
generator. Therefore, the excess electricity produced by the PV 
system is suggested to be used to charge the battery bank. 


4.3. Batteries 


A bank of lead acid batteries is used in the proposed system. In 
the simulation process, it is assumed that the properties of the 
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Fig. 5. Energy flow diagram of the system. 


Table 1 
Categorized optimization results. 


System Components 


Se PV Gen Inv Battery 
=? A ey (kw) | (kW) | (kW) no 


batteries are not affected by external factors (e.g. temperature) 
during their lifetime. The nominal voltage and capacity of the 
battery are 6 V and 360 A h, respectively. To keep the system more 
economically justifiable, the initial capital, replacement and O&M 
costs of each battery unit are assumed to be $300, $280 and $3/yr, 
respectively. Lifetime energy throughput of each battery is esti- 
mated at 1100 kW h. Different numbers of batteries (0, 10, 20, and 
30) are included in the optimization analysis. 


4.3.1. Battery-charging strategy 

For charging the batteries, two different strategies could be 
provided by HOMER: cycle-charging and load-following [11]. 
In cycle-charging strategy, the generator operates in its nominal 
power and the batteries will be charged with surplus electricity. 
On the other hand, in load-following method, the batteries will be 
charged by renewable sources, and the generator produces only 
the amount of power that marginally meets the required load. 
In this study Load-following dispatch strategy is selected for 
battery charging. Therefore, in the proposed hybrid PV-diesel 
energy system, batteries will be charged only by PV panels. 


4.4. Inverter 


A power inverter is used to maintain the flow of energy from 
DC to AC buses [17]. Both the initial capital cost and replacement 
cost of the inverter used in this study are assumed to be $950/kW 
with the negligible O&M costs. The efficiency of the inverter is 
assumed to be 90% and its lifetime to be 15 years. The size of the 
proposed power inverter may range from 0 to 20 kW. The energy 
flow diagram of the proposed hybrid PV-diesel energy system is 
shown in Fig. 5. 


5. Simulation results and discussion 


A system simulation was performed based on an annual 
real interest rate of 10% and a project lifetime of 25 years. The 
categorized optimization results performed by HOMER for defined 
parameters (see Sections 3 and 4) are summarized in Table 1. 
As can be seen from Table 1, the stand-alone diesel system is the 
most economic system compared to other configurations. The total 
NPC for electricity supplying over project lifetime is $202,287. 
The low installation cost of this system plays an important role in 
its total NPC. Also, for this system the cost of energy (COE) is 
$0.304/kW h. Since no electric power is generated by renewable 
sources in this configuration, obviously the renewable fraction (RF) 
is equal to 0. 

In this stand-alone system, the 20 kW diesel generator should 
be operated 8760 h to supply the electricity demand. As is shown 
in Table 2, the diesel generator uses 33,093 L of fuel to produce 
76,309 kW h in a year. Consequently, this leads to the emission of 
87,144 kg of carbon dioxide and 2349 kg of other pollutant gases in 


a year. 
Operating NPC COE 
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5.1. Hybrid PV-diesel system without battery storage 


In this subsection, the proposed system required to supply the 
load demand is analyzed based on a no battery scenario; that 
means the excess electricity produced by the PV system will not be 
stored; therefore, it is the diesel generator that solely supplies the 
demand at night. The optimization results for the hybrid PV-diesel 
system without battery storage calculated by HOMER and ranked 
according to total NPC are shown in Table 3. As can be seen from 
the last column of this table, the renewable fraction of the feasible 
systems supplying the electric demand varies from 22% to 51%. On 
one hand, the implementation of systems with a low renewable 
fraction may not lead to getting the advantages of hybrid renew- 
able systems such as reduction in dependency on fossil fuels. On 
the other hand, high renewable fraction in an isolated hybrid 
system might result in difficulties in maintaining a stable voltage 
and frequency [18]. That is the reason why renewable sources are 


Table 2 
Diesel generator operation results and pollutant emissions for diesel-only system. 


Quantity Value Units 


Diesel generator 


Hours of operation 8,760 h/yr 
Number of starts 1 starts/yr 
Operational life 1.71 yr 
Electrical production 76,309 kW h/yr 
Mean electrical output 8.71 kw 
Fuel consumption 33,093 L/yr 
Pollutant 

Carbon dioxide 87,144 kg/yr 
Carbon monoxide 215 kg/yr 
Nitrogen oxides 1,919 kg/yr 
Unburned hydrocarbons 23.8 kg/yr 
Particulate matter 16.2 kg/yr 
Sulfur dioxide 175 kg/yr 


Table 3 
Optimization results for PV-diesel system. 


Components 


ae Şə PV Gen Inv Initial 
“| (kW) | (kW) | (kw) ital ($) 
E = 


considered non-dispatchable. Therefore, as a trade-off process, the 
hybrid energy system, highlighted by red tick marks in Table 3, 
which consists of a 20 kW diesel generator, a 15 kW PV array and a 
10 kW power inverter with renewable fraction of 30%, is selected 
as the most techno-economically justifiable configuration. 
The COE and NPC of the system are $0.464/kW h and $309,034 
respectively. 

The breakdown of cost for the proposed system and the share 
of each component in the total NPC are presented in Fig. 6. As is 


Table 4 
System components operation results and pollutant emissions for PV-diesel 
system. 


Quantity Value Units 
PV array 
Rated capacity 15.0 kw 
Mean output 79.1 kW h/d 
Total production 28,879 kW h/yr 
Hours of operation 4,380 h/yr 
Diesel generator 
Hours of operation 8,620 h/yr 
Number of starts 83 starts/yr 
Operational life 1.74 yr 
Electrical production 65,968 kW h/yr 
Mean electrical output 7.6 kW 
Fuel consumption 30,283 L/yr 
System 
Excess electricity 20,334 kW h/yr 
214 % 
Capacity shortage 0.0 % 
Pollutant 
Carbon dioxide 79,745 kg/yr 
Carbon monoxide 197 kg/yr 
Nitrogen oxides 1,756 kg/yr 
Unburned hydrocarbons 21.8 kg/yr 
Particulate matter 14.8 kg/yr 
Sulfur dioxide 160 kg/yr 
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Fig. 6. Cost of PV-diesel power system. 
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Table 5 
Optimization results for PV-diesel-battery system. 


System Components 


PV Gen Inv Battery 
(kW) | (kW) | (kW) no 
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Fig. 7. Cost of PV-diesel-battery power system. 


seen from this figure, the high capital cost of PV array has a 
considerable effect on the total system cost. 

In the proposed system, the PV array produces 28,879 kWh 
electric energy per year, 30% of the total generated electric energy, 
which is equivalent to 79.1 kW h every day. Table 4 indicates that 
65,968 kW h electrical energy, 70% of the total generated electrical 
energy, is provided annually by the diesel generator. To provide 
this amount of electrical energy, the generator uses 30,283 L of 
diesel annually. As is shown in Tables 2 and 4, the total air 
pollutant emission of this hybrid renewable energy system, with 
30% renewable fraction, is 81,894 kg/yr that is 8.5% lower than the 
emission generated by the discussed stand-alone diesel system. 

Since there is no battery storage in the proposed hybrid PV- 
diesel system, the generated electric power of PV in some periods 
may be greater than the electric demand. As can be observed from 
Table 4, the excess electricity production is 20,334 kW h/yr (21.4%). 

Application of battery storage in optimization of such hybrid 
energy systems can presumably result in more economic systems 
because it makes possible to use the storage of excess electricity 
from PV later [2]. So, in what follows, the application of the PV- 
diesel system with battery storage will be analyzed. 


5.2. Hybrid PV-diesel-battery system 


The optimization results for hybrid PV-diesel system with 
battery storage are shown in Table 5. The impact of adding battery 
units to the proposed hybrid system is analyzed by focusing on the 
scenario highlighted by red ticks in Table 5. This system contains a 
15 kW PV array, a 20 kW diesel generator and 10 units of the 
batteries to cope with about 100 min of autonomy. 

Table 5 shows that the total NPC of this hybrid energy system is 
$286,315. Therefore, coupling the battery units to the prior hybrid 
system has decreased the total NPC. Although addition of batteries 
will cause an increase in the total capital and replacement cost, it 


brings about an annual reduction of $3880 in operating cost. Thus, 
the total NPC of this system decreases about 7.3% compared to the 
corresponding system discussed in 5.1; Moreover, the renewable 
fraction of this proposed system is 35% that is 16.7% higher than 
the previous no-battery design. Breakdown of the total NPC of this 
system is shown in Fig. 7. 

Since the specifications of PV array (e.g. its capacity and de- 
rating factor) are the same with the one in Section 5.1, the PV array 
again produces electrical energy of 28,879 kW h/yr. However, in 
this case, the part of excess renewable electricity is stored in 
batteries and will be used when needed, which improves renew- 
able fraction of the proposed system. The reason is that the 
generated electric power of PV array in this scenario contributes 
to supplying the electric demand more than the one discussed in 
Section 5.1. As a result, the need for the diesel generator will be 
decreased, so the share of non-renewable source in electricity 
generation will be reduced. 

As can be seen from Table 6, the batteries provide electrical 
energy of 1978 kW h/yr. So, the excess electricity reduces to 7.8%. 
Considering the fact that the battery bank is only charged by the 
PV source, the PV array and battery bank supply about 35% of the 
total generated electrical energy, which is the same with the 
mentioned renewable fraction of 35%. 

One of the considerable results is that the diesel generator 
operates 6576h per year and consumes 23,947 L of diesel to 
provide 53,705 kW h/yr electrical energy, which is 65% of the total 
generated electrical energy by the proposed system. Comparison 
of Tables 4 and 6 reveals the lower operation hours of the 
generator used in this hybrid system with battery bank. 

Although the installation of more battery units (i.e. more than 
10 units) brings about a higher reduction of excess electricity, it 
increases the total NPC. For instance, the total NPC for a hybrid PV- 
diesel (15 kW PV array, 20 kW diesel generator) with 20 batteries 
is $2500 more than the one related to the proposed system with 
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Table 6 
System components operation results and pollutant emissions for PV-diesel- 
battery system. 


Quantity Value Units 
Battery 

Energy in 2,319 kW h/yr 
Energy out 1,978 kW h/yr 
Losses 335 kW h/yr 
Annual throughput 2,145 kW h/yr 
Expected life 5.01 yr 
Diesel generator 

Hours of operation 6,576 h/yr 
Number of starts 643 starts/yr 
Operational life 2.28 yr 
Marginal generation cost 0.0800 $/kW h 
Electrical production 53,705 kW h/yr 
Mean electrical output 8.17 kw 
Max. electrical output 17.9 kw 
Fuel consumption 23,947 L/yr 
Pollutant 

Carbon dioxide 63,061 kg/yr 
Carbon monoxide 156 kg/yr 
Unburned hydrocarbons 17.2 kg/yr 
Particulate matter 11.7 kg/yr 
Sulfur dioxide 127 kg/yr 
Nitrogen oxides 1,389 kg/yr 


10 units of battery although the excess electricity reduces to 6.32%. 
Therefore, with a considerably large percent increase in the total 
NPC, adding 10 more battery units does not seem to be cost- 
effective as it will only have a negligibly small effect on the excess 
energy and renewable fraction of the proposed system. 

Finally, it should be noted that the application of batteries has 
reduced the gas emissions of the proposed system significantly 
because of the reduction in operation hours of the diesel gen- 
erator. As can be observed from Table 6, the total air pollutant 
emission of the proposed hybrid renewable energy system with 
10 batteries is 64,762 kg/yr that is 27.6% less than the one related 
to the system without battery. 


6. Conclusion 


In this study, a hybrid renewable energy system based on 
photovoltaic and diesel generators with battery storage capacity 
is suggested. The software HOMER is used for the simulation 
purposes. In this study, the main concentration is on the net 
present cost, renewable fraction and air pollutant emission as the 
criteria determining the most viable systems. The results indicate 
that the stand-alone hybrid renewable energy system composed of 


15 kW PV array, a 20 kW diesel generator and a 20 kW inverter 
can supply 200 kW h/d energy consumption with a peak demand 
of 18 kW of the case study location. The NPC of the system is 
$309,034 during projection period of 25 years and 10% annual real 
interest rate. The renewable fraction varies between zero and 30%. 

Further, the effect of penetration of battery storage on renew- 
able fraction and NPC is investigated. Addition of 10 units of 
battery to the proposed system reduces the total net present cost 
to $286,315 and increases the renewable fraction to 35%. 

Therefore, considering the potential of solar radiation and 
existence of remote villages in Khorasan-E-Jonoobi province of 
Iran, which are far from utility grid, stand-alone hybrid PV-diesel- 
battery energy systems are not only perfectly viable but also 
compellingly apposite candidates for electrification of these 
villages. 
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